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Summary
Five experiments were conducted to determine the effects of corn particle size and diet form on nursery pig performance and feed preference. In Exp. 1, 192 nursery pigs (PIC 327 × 1050; initially 14.7 lb and 26 d of age) were used in a 35-d experiment. Pens of pigs were balanced by BW and allotted to 1 of 4 treatments with 6 pigs per pen and 8 pens per treatment. The same corn and soybean meal-based diet formulation was used for all treatments. The 2 × 2 factorial consisted of the main effects of corn particle size (400 vs. 700 µm) and diet form (mash vs. pelleted). Pigs fed mash diets had improved overall ADG and greater ADFI during all periods (P < 0.05) and particle size did not impact (P > 0.10) performance. In Exp. 2, a study utilized 96 pigs to evaluate feed preference of pigs consuming mash diets with either 400 or 700 µm corn. Pigs overwhelmingly (P < 0.05) preferred to consume 700 µm corn compared to 400 µm corn (79.3 vs. 20.7%).
In Exp. 3, 224 nursery pigs (PIC 327 × 1050; initially 24.1 lb and 40 d of age) were used in a 10-d experiment to determine the effects of corn particle size in pelleted diets on nursery pig performance. Experimental treatments were formed by grinding corn to 1 of 4 different particle sizes (250, 400, 550, or 700 µm) . Particle size tended to affect (P < 0.10) ADG in a quadratic manner, but did not impact (P > 0.10) ADFI or F/G. Pigs fed pelleted diets from either 250 or 700 µm corn had poorer ADG than the intermediate treatments. Exp. 4 utilized 91 pigs to evaluate the preference of pigs consuming pelleted diets with either 250 or 700 µm corn from Exp. 3. Even in pelleted form, pigs preferred (P < 0.05) to consume diets manufactured with the coarser particle size corn (58.2 vs. 41.8%).
In Exp. 5, 180 nursery pigs (PIC 327 × 1050; initially 15.8 lb and 36 d of age) were used in a 35-d experiment to determine the effects of corn particle size and pelleting on nursery pig growth performance. The 2 × 2 factorial consisted of 2 corn particle sizes (500 µm vs. 750 µm) and two diet forms (mash vs. pelleted). Overall, reducing particle size from 750 to 500 µm did not affect growth performance (P > 0.10). Pelleting reduced (P < 0.05) feed intake, but did not affect ADG or F/G (P > 0.10). These studies
Introduction
Grinding cereal grains prior to their inclusion in a swine diet is important to maximize nutritive value. Whether ground by a hammermill or roller mill, reducing particle size is expected to improve feed efficiency of a diet by 1.0 to 1.2% for every 100 micron reduction in corn particle size. However, manufacturing and feeding diets with small particle size can be challenging. Achieving the smaller particle size requires greater electrical energy and may slow mill throughput. In addition, dust, feed bridging, outof-feed events, and gastric ulcers may all result from feeding diets manufactured from grain with a small particle size. Pelleting can help overcome some of these disadvantages, but the process requires even more electrical energy and expensive equipment, thus increasing overall feed costs. The return on investment from pelleting comes from improved growth performance, less feed waste, and greater feed efficiency; however, the magnitude of these improvements depends on other factors, including the grain particle size. While pelleting diets manufactured with finely ground grain is a common practice in the swine industry, a search of the peer-reviewed data shows surprisingly little research to quantify the effects of varying particle sizes in pelleted diets in nursery pigs of modern genotypes. The objectives of these experiments were to: 1) quantify growth performance differences in nursery pigs due to diet form (mash vs. pelleted) and corn particle size, and 2) determine pig consumption preference when given the choice of diets manufactured with corn ground to different particle sizes.
Procedures
The Kansas State University Institutional Animal Care and Use Committee approved the protocol used in these experiments. These studies were conducted at the Kansas State University Swine Teaching and Research Facility in Manhattan, KS.
In Exp. 1, 192 nursery pigs (PIC 327 × 1050; initially 14.7 lb and 26 d of age) were utilized to evaluate the effects of particle size and diet form on swine growth performance. Pigs were weaned and fed a common diet for 5 d, balanced by initial BW, and randomly allotted to 1 of 4 treatments, with 6 pigs per pen and 8 pens per treatment. Each pen contained 1 nipple waterer and 1 self-feeder to allow for ad libitum access to water and feed. The 4 experimental treatments were created utilizing the same basal formulation and arranged in a 2 × 2 factorial design with the main effects of feed form (meal vs. pellet) and corn particle size (400 vs. 700 µm; Table 1 ). All feed was manufactured at the O. H. Kruse Feed Technology Innovation Center at Kansas State University. Corn was ground using a triple-pair roller mill (RMS Roller-Grinder, Harrisburg, SD) and analyzed for particle size according to ASAE Method S319.4 with a 15-min tap time and 1.0 g fumed silica included as a flow agent. Actual corn micron sizes were 387 and 477 vs. 703 and 725 µm for phases 1 and 2 of each treatment, respectively ( Mill, Crawfordsville, IN) and analyzed for pellet durability index (PDI) according to ASAE Method S269.4 with a modification to include five ½-in. hexagonal nuts. Diets were fed in 2 phases: Phase 1 from d 0 to 14, and Phase 2 from d 14 to 35. Pigs and feeders were weighed on d 0, 14, and 35 to determine ADG, ADFI, and F/G.
A separate 10-d study utilized 96 pigs (PIC 327 × 1050; initially 13.9 lb and 26 d of age) to evaluate the preference of pigs consuming mash diets manufactured with either the 400 or 700 µm corn from Exp. 1. There were 12 pens utilized and 8 pigs per pen. Each pen was equipped with two identical 4-hole dry self-feeders and a nipple waterer to allow for ad libitum access to feed from either treatment. Feeder location was changed daily to prevent a location bias of the feeder within the pen. Preference was measured by feed disappearance from an individual feeder. Feeders were weighed on d 0 and 10 to determine feed disappearance and ADFI per feeder.
In Exp. 3, a total of 224 nursery pigs (PIC 327 × 1050; initially 24.1 lb and 40 d of age) were utilized in a 10-d experiment to determine the effects of corn particle size in pelleted diets on late nursery pig growth performance. Pigs were weaned and placed on common Phase 1 and Phase 2 diets. On d 19 post-weaning, pigs were balanced by initial BW and randomly allotted to 1 of 4 treatments with 7 pigs per pen and 8 pens per treatment. Each pen contained 1 nipple waterer and 1 self-feeder to allow for ad libitum access to water and feed. The same basal diet formulation was utilized for all diets, with experimental treatments created by including corn ground to four different mean particle sizes (approximately 250, 400, 550, or 700 µm; Table 3 ). All feed was manufactured at the O. H. Kruse Feed Technology Innovation Center at Kansas State University. Corn was ground using a hammermill (Bliss Industries, LLC, Ponca City, OK) and analyzed for particle size as described in Exp. 1. To achieve the intended corn micron size in a consistent manner, corn was blended to achieve similar particle size separation between treatments. The treatment of corn ground to 250 µm corn contained only corn ground through a #4 screen. The treatment of corn ground to 700 µm corn contained only corn ground through a #24 screen. The treatment of corn ground to 400 µm contained 66% corn from a #4 screen and 33% corn from a #24 screen. The treatment of corn ground to 550 µm corn contained 66% corn from a #24 screen and 33% corn from a #4 screen. Actual corn micron sizes were 212, 422, 509, and 739 µm (Table 4 ). Diets were pelleted as described in Exp. 1 and PDI was determined using a Holmen NHP100 (Tekpro Limited, Norfolk, United Kingdom; Table 4 ) for 60 seconds. Percentage fines were also determined on each sample. Fines were characterized as material that would pass through a #6 Tyler Sieve (3,360-μm opening) after 15 sec of manual shaking. Diets were fed for 10 d, and pigs and feeders were weighed on d 0 and 10 determine ADG, ADFI, and F/G.
Exp. 4 was a separate 10-d study utilizing 91 pigs (PIC 327 × 1050; initially 23.7 lb and 40 d of age) to evaluate the preference of pigs consuming pelleted diets manufactured with either 250 or 700 µm corn from Exp. 3. Twelve pens were utilized with 7 or 8 pigs per pen. Each pen was equipped with two identical 4-hole dry self-feeders and a nipple waterer to allow for ad libitum access to feed from either treatment. Feeder location was changed daily to prevent a location bias of the feeder within the pen. Preference was measured by feed disappearance from an individual feeder. Feeders were weighed on d 0 and 10 to determine feed disappearance and ADFI per feeder.
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In Exp. 5 a total of 180 pigs (PIC 327 × 1050; initially 15.8 lb and 36 d of age) were used in a 35-d growth trial to evaluate the effects of particle size and diet form on swine growth performance. Pigs were weaned on d 26 of age, blocked by initial BW, and fed a pelleted acclimation Phase 1 diet for 5 d. On d 0 of the experiment, pigs were randomly assigned to pens in a randomized complete block design with 5 pigs per pen and 9 replications per treatment. Each pen contained 1 nipple waterer and 1 self-feeder to allow for ad libitum access to water and feed. The 4 experimental treatments were created utilizing the same basal formulation and arranged in a 2 × 2 factorial design with the main effects of feed form (meal vs. pellet) and corn particle size (500 µm vs. 750 µm; Table  5 ). All feed was manufactured at the O. H. Kruse Feed Technology Innovation Center at Kansas State University. The same basal diet formulation was used for all diets. Corn was ground using a hammermill (Bliss Industries, LLC, Ponca City, OK) and analyzed for particle size as described in Exp. 1 (Table 6 ). Diets were pelleted and analyzed for PDI as described in Exp. 1. Experimental diets were fed in two phases: d 0 to 14 and d 14 to 35.
Data were analyzed using PROC GLIMMIX in SAS (SAS Institute, Inc., Cary, NC). Growth performance data were analyzed with pen as the experimental unit. In Exp. 1 and 5, particle size and feed form, as well as their interaction, were considered main effects. In Exp. 2, 3, and 4, treatment served as a fixed effect. Linear and quadratic effects of particle size were determined utilizing orthogonal contrasts. Results were considered significant if P < 0.05 and trends if P < 0.10.
Results and Discussion
In Exp. 1, there was a particle size × feed form interaction for F/G from d 14 to 35 and d 0 to 35 (P < 0.05; Table 7 ). Pigs fed pelleted diets manufactured from 700 µm ground corn had improved (P < 0.05) F/G from d 14 to 35 and d 0 to 35 compared to pigs fed pelleted diets manufactured from 400 µm ground corn, with mash treatments intermediate. There were no particle size × feed form interactions for ADG or ADFI (Table 8) , nor were any effects of corn particle size observed on any measured response criteria. The lack of feed efficiency response from the decrease in particle size was surprising considering that previous research had reported a near linear improvement in feed efficiency with decreasing particle size. While we were surprised to find no overall improvement from the main effect of particle size, the negative effect of pelleting on ADG was even more unexpected. Pigs fed pelleted diets had poorer (P < 0.05) ADG than those fed mash diets from d 14 to 35 and d 0 to 35. These differences were largely driven by ADFI, which was greater in mash diets across all phases (P < 0.05). Therefore, F/G was improved by 11% from pelleting from d 0 to 14, but no differences were observed from d 14 to 35. This resulted in a tendency (P < 0.10) for improved F/G from pelleting overall. Still, this improvement in feed efficiency did not overcome the reductions in ADG observed in pigs fed pelleted diets, so those fed mash diets tended (P < 0.10) to be heavier by the end of the 35-d experiment.
When pigs were allowed to choose to consume either the mash diet manufactured from 400 or 700 µm corn, they clearly preferred diets manufactured from corn with the coarser particle size (P = 0.001; Table 9 ), with nearly 80% of the total feed consumed from the coarser particle size diet (0.31 vs. 1.19 lb/d for 400 vs. 700µm, respectively).
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Fine grinding corn in mash diets is known to create feed flow issues, but feeders were managed closely during the course of this experiment to prevent differences in quantity of feed in the pan. This preference data suggest that fine grinding corn in nursery pig diets may also have negative implications on feed intake.
Because of the unexpected findings from Exp. 1, we further evaluated the effect of reducing particle size in pelleted diets, particularly evaluating even finer particle grain sizes. Again, reducing particle size in pelleted diets did not affect F/G (P > 0.10). These findings confirm our initial results and suggest the reduction in particle size does not always linearly influence F/G. Numerically, experimental results were variable, but a tendency was observed for decreased particle size in pelleted diets to affect (P < 0.10) ADG in a quadratic manner (Table 10) . Notably, there were marked differences in PDI across different treatments, with the PDI from diets manufactured from 250 or 700 µm corn being greater than those manufactured with corn from the intermediate particle sizes (PDI = 68.3, 50.8, 43.2 and 68.9, respectively). It is important to understand that these PDI values are all strikingly low, especially compared to the range from 84.9 to 89.0 observed in Exp. 1. These PDI values were obtained from analysis using the Holmen NHP 100 method compared to the modified tumbling box method utilized in Exp. 1. Thus, a slight change in PDI due to different analytical methods may explain some of the differences across trials, but not to the extent observed. Still, one would expect that poor pellet quality would be associated with poor feed efficiency, but that was not observed in this study.
We can evaluate effects between particle sizes in pelleted diets further through the preference experiment between diets manufactured with 250 or 700 µm ground corn because those treatments had similar PDI. In agreement with Exp. 2, pigs preferred to consume diets manufactured with the coarser particle size corn (P =0.011; Table 11 ). However, the percentage of preference of the pelleted diets was not as extreme as that observed when the diets were in mash form (31.8 vs. 58.2% ADFI for 250 vs. 700 µm corn, respectively). While the first experiment alluded to fine particle size playing a role in feeding preference, it was interesting to see the effect remained, although in a diluted manner, when the diets were pelleted. This shows that pigs can still detect a particle size difference, even when diet form is altered.
To further evaluate the variability in results from Exp. 1 and 3, as well as address potential differences in particle size and feed form using a hammermill, a 35-d growth experiment was conducted as Exp. 5. While a roller mill was used to grind grain by shear for Exp. 1, this experiment utilized a hammermill to reach target particle sizes of 507 and 734 µm in ground corn. In this experiment, an interaction between particle size and diet form affected F/G from d 0 to 14 (Table 12) , as pigs fed pellets with coarsely ground corn again had better F/G than those fed pellets with finely ground corn or coarsely ground corn in mash diets (P < 0.05). This was not due to PDI, because pellet quality was consistent across treatments within phases. Additionally, the interaction tended to affect ADG from d 0 to 14 and overall, as pigs fed finely ground corn in mash diets had greater ADG than those fed finely ground corn in pelleted diets (P < 0.10). A tendency for an interaction was observed for ADFI from d 14 to 35, as pigs fed finely ground corn in mash diets had greater feed disappearance than those fed finely ground corn in pelleted diets (P < 0.10) with the diets containing course ground corn being similar, regardless of form. Similar to Exp. 1, pelleting reduced (P < 0.05) feed intake during each phase, potentially due to less feed waste than in the mash diet. Reducing particle size from 750 to 500 µm again did not affect growth performance (Table 13 ). Contrary to Exp. 1, no effect of pelleting was observed on overall ADG or F/G. This is interesting because past research overwhelmingly suggests that pelleting improves growth rate and feed efficiency in nursery pigs. While these findings are unexpected, the lack of feed efficiency effect is similar to recently published research in both nursery and finishing pigs, yet contradictory to others that suggest there is little advantage of pelleting diets with a fine particle size. Potentially, the digestibility of the diet is already maximized by pelleting; therefore, further reducing particle size does not result in greater digestibility. More research is needed to evaluate the physiological causes of this effect.
In general, this series of 5 experiments suggests pigs fed pelleted diets had reduced ADG and ADFI than those fed mash diets. We observed mixed effects regarding the effect of particle size, with no effect in mash diets and a quadratic effect in pelleted diets. The best feed efficiency was achieved when pigs were fed pelleted diets manufactured from 700 µm corn. Finally, pigs preferred to consume a coarser corn particle size, particularly when the diet was fed in mash form. A total of 91 pigs (PIC 327 × 1050; initially 23.7 lb. and 40 d of age) were used in a 10-d study with 12 pens per treatment and 7 or 8 pigs per pen.
2 Two feeders each containing the same formulated diet but manufactured with either 250 µm or 700 µm corn were provided per pen. Intake was determined by feed disappearance from each feeder. 
